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Substituent Effects on the Gas Phase Stabilities  
of Phenoxide Ions 
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Relative gas phase stabilities of ring substituted phenoxide ions were theoretically 
determined using proton transfer equilibria.  Substituent effects of this anionic system were 
compared with those of benzylic anions to discuss what kinds of electronic effects are decisive to 
the gas phase stabilities.  According to statistical analyses, the stabilities of phenoxide ions were 
found to be governed by three kinds of electronic effects: inductive, resonance, and saturation 
effects.  It has become apparent that an extended Yukawa-Tsuno equation, 
EX = ( 0 + r R

+ s S ) , is necessary in order to correlate the substituent effects of phenoxide 
ions as well as other anionic systems. 

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Table 1. Relative stabilities (-EX) of phenoxide ions.a  
___________________________________________________ 
Subst.
b
                                theoretical level
c
 
             ______________________________________ 
                   A        B        C       D   
___________________________________________________ 
p-NMe2  1.23 1.60 1.25 0.54 
p-NH2  -2.35 -3.29 -4.12 -3.70 
m-NMe2  0.59 0.48 -0.21 -1.02 
p-MeO  0.28 0.46 -0.36 -0.31 
p,m-Me2  -0.90 -0.75 -0.61 -0.62 
p-MeO-m-Cl  8.98 9.76 9.77 8.56 
p-t-Bu  0.64 1.40 1.35 1.34 
p-Me  -0.78 -0.29 -0.24 -0.26 
m-MeO  2.14 1.37 1.13 1.24 
m-Me  -0.10 -0.26 -0.23 -0.26 
H  0.00 0.00 0.00 0.00 
p-Cl  8.93 8.00 8.44 8.48 
m-F  7.20 6.21 5.61 5.68 
m-Cl  9.76 9.36 9.69 9.78 
m-CF3  10.39 11.15 10.31 10.37 
m-CHO  9.01 10.32 10.43 10.53 
m-COMe  6.97 8.20 8.07 8.21 
m-CN  14.93 15.57 15.32 15.37 
m-NO2  16.30 16.63 16.42 16.58 
p-CF3  14.21 13.79 13.57 13.69 
p-CHO  18.35 17.49 19.30 19.26 
p-COMe  15.72 14.94 16.42 16.42 
p-CN  21.06 19.25 20.59 20.51 
p-NO  23.31 24.42 26.01 25.89 
p-NO2  27.12 24.00 26.30 26.32 
___________________________________________________ 
a) In unit of kcal mol
-1
. 
b) Ring substituents. 
c) A: RHF/6-31G(d) + ZPE (scaled 0.8929). 
 B: MP2/6-31G(d)//RHF/6-31G(d) + ZPE (scaled 0.8929). 
 C: B3LYP/6-31G(d)//RHF/6-31G(d) + ZPE (scaled 0.8929). 
 D: B3LYP/6-31G(d) + ZPE (scaled 0.9804). 
 E: B3LYP/6-31+G(d,p) 
 F: B3LYP/6-31+G(d,p) + ZPE 
 G: B3LYP/6-311+G(2d,p) 
 H: B3LYP/6-311+G(2d,p) + ZPE 
d) Experimental G from Ref. 12 and Ref. 24. 
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___________________________________________________ 
                                              exptl.
d
   
________________________________________ 
     E        F        G        H   
___________________________________________________ 
  -1.09 -0.77 -1.24 -0.96 -2.1 
  -3.98 -4.08 -3.88 -3.99 -3.3 
  -2.11 -2.00 -2.03 -1.98 -1.2 
  -1.32 -1.07 -1.24 -1.10 -1.2 
  -2.06 -1.76 -1.90 -1.78 NA 
  6.36 6.51 6.46 6.51 NA 
  -0.11 0.01 -0.06 0.03 0.6 
  -1.38 -1.27 -1.29 -1.20 -1.1 
  0.78 0.81 0.79 0.77 1.1 
  -0.68 -0.70 -0.58 -0.59 -0.4 
  0.00 0.00 0.00 0.00 0.0 
  6.86 6.69 7.02 6.82 5.9 
  6.30 6.20 6.11 6.00 5.3 
  8.30 8.16 8.36 8.22 7.1 
  10.82 10.73 10.57 10.45 9.6 
  10.00 9.84 9.94 9.72 8.5 
  7.53 7.38 7.46 7.30 6.5 
  14.23 14.00 14.37 14.09 13.0 
  15.60 15.43 15.37 15.13 14.4 
  13.94 13.89 13.66 13.59 11.9 
  18.29 17.86 18.27 17.79 15.8 
  15.22 14.92 15.23 14.87 13.3 
  18.88 18.47 19.00 18.53 16.6 
  25.56 24.86 25.30 24.56 20.2 
  25.53 25.00 25.05 24.48 20.9 
___________________________________________________ 
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Table 2. Comparison of calculated EX and experimental GXa.  
___________________________________________________ 
theoretical level
b
      a
c
          R
d
       SD
e
     n
f
 
___________________________________________________ 
A  1.194 0.994 1.38 23 
B  1.163 0.995 1.18 23 
C  1.222 0.996 1.16 23 
D  1.224 0.997 1.01 23 
E  1.173 0.998 0.72 23 
F  1.150 0.998 0.69 23 
G  1.164 0.999 0.66 23 
H  1.138 0.999 0.63 23 
___________________________________________________ 
a) Ref. 12 and Ref. 24. b) See footnote in Table 1. c) 
Comparisons were made by a linear regression of -Excalc = a
-Gxexptl. d) Correlation coefficients. e) Standard deviation. 
f) Numbers of substituents included in the analyses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
n¹ 	x«0@4Ln¶ }	
,/­,JDI»B3LYP/ 
6-311+G(2d,p)JDI¼n¹Z/u¦^
,)#DL8IT0@4L[15](B
3@I0EA0@4L[17]R!0@4L!
lm{'JDI©-+²o
,*gd" B3LYP/6-311+G(2d,p)JD
I!©Z/	SO!°¯/
 
 
	

 
 Table 1  B3A57?24L! B3LYP/ 
6-311+G(2d,p)JDI!qlm{» EX¼/
qz,,-870ADL8I0@4L)#DL
8I0@4L! EX [15]²CK<>b
CK<>![/aet&¡)#-
*!µW"-- Fig. 2)# Fig. 3 
 
 B3A57?24L! EX!,-870ADL
8I0@4L! EX q,CK<>»Fig. 2¼
"p-NOU* p-NH2U%! 30kcal mol
-1 .
[ 1.288 !¢µ¨*-,µW
" R = 0.985¢{"¦	¬  ª,
H, m-F, m-Cl, m-COMe, m-CHO, m-CF3, 
m-CN, )# m-NO2!¾X!£~U 	[
1.357µW R=0.999!\-¢µ}
	,-*F:£~f*!®±_")+
PlmB3A57?24L!,-870AD
L8I0@4L² 1.4 Yui		
, p--·jw{£~U»p-NO, 
p-NO2, p-CN, p-CHO, p-COMe, )# p-CF3U¼!C
K<>"!F:µ¢*. O$p
+/	,!i" p-NO U 1.5kcal 
mol-1,,-870ADL8I0@4L 	
]ºlm`§. i	&¤*-
,!p+"s—³´v(2’)!½¸ x
,B3A57?24L!CK<>R!0@4
L[14-17]c y"·
jVQ{£~U»p-NH2p-Cl¼!CK<>!h'
6;GJM7HL_!&F:µ¢*N$
p+/, p-Me2Nf, m-Me2N
f, )# p-MeO-m-Clf!p+"i	!i
" p-Me2NU 6kcal mol
-1, 
 B3A57?24L! EX!DL8I0@4L
! EX q,CK<>»Fig. 3¼"p-NOU
* p-NH2 U%! 25kcal mol
-1  .[
0.784!¢µ¨*-,µW" R=0.992
¢{"¦	¬  ª,
 H, m-F, m-Cl, m-COMe, m-CHO, m-CF3, m-CN, 
)# m-NO2!¾X!£~U 	[ 0.952
µW R=1.000 !\-¢µ}	,
-*F:£~f*!®±_")+lmB
3A57?24L!DL8I0@4L²
. r		, p--·j
w{£~U»p-NO, p-NO2, p-CN, p-CHO, p-COMe, 
)# p-CF3U¼!CK<>"!F:µ¢*
iO$p+/	,!i" 
-10
0
10
20
30
-10 0 10 20 30
p-NO2
Experimental -Gx /kcal mol-1
p-COMe
Fig. 1. Comparison of calculated and experimental 
stabilities of phenoxide ions.
slope=1.164, R=0.999, SD=0.66
p-CN
m-NO2
p-CF3
m-CF3
m-Cl
p-Cl
p-t-Bu
m-MeO
m-F
H
m-Me
p-Me
p-MeO
p-Me2N
p-CHO
C
al
cu
la
te
d 
-
E
x 
/k
ca
l m
ol
-1
B
3L
Y
P/
6-
31
1+
G
(2
d,
p)
m-COMe
p-NH2
p-NO
m-CN
m-CHO
m-Me2N
105 
 
Copyright © 2011 Hosei University      ~jlyiE;/.7L8Mig Vol.24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
p-NOU 8kcal mol-1*CL6I.>2L

]´mn`¢j&	(+*
p) r—ª¬t(2’)·²v*
±kVPx|Uµp-NH2p-Cl¶BK
:< 49FJM5GL_&E8®
(,N"p)-*j
 p-Me2NU 1kcal mol
-1* 
 SNA1?35=02Lmnxb$
|h_-CL6IT.>2L¨
A1?35=02Lqmnx
µ EX¶ CL6IT.>2L[14-15]
'!
A1>I.D?.>2L[16-17]f(1)\|
h*¦§_(2)@H±kux|h]
´_(3)±kVPx|hY£(+*49FJ
M5GL_¸³±k_}«+*
nx(SO +(
±k_CL6IT.>2Lfn
­c)zd *-¥* 
 
	


 
 A1?35=02Le|U]´pPj
-{^*&Fig. 2Fig. 3 Q H, 
m-F, m-Cl, m-COMe, m-CHO, m-CF3, m-CN, 
'!
m-NO2 E8|U
'! p-NO, 
p-NO2, p-CN, p-CHO, p-COMe, 
'! p-CF3U@
H ± k  u x  | U    
[EX / slopemeta ](anions)  [EX ](R1,R2=CN ,CN )-¤
R1,R2 = CN,CN ,-65.?CL6I.>2L
-¡ slopemeta .>2Lmnxb$
|h_- R1,R2 = CN,CNq¨¯
E8®[*² e|U]
´_j R1,R2 = CN,CN#+
j    - ¡   w ( +  W - 
[EX / slopemeta ](R1,R2= H ,H )  [EX ](R1,R2=CN ,CN )q
BK:< Fig. 4R1,R2 = H,H

|h]´mn`  p-NO, p-COMe, p-NO2 

'! p-CHO j%p-CN 
'! p-CF3
 ,]´mn` -*E8|UB
K:< a©Z°%)]´ pP
[14-15]A1?35=02L]´_ R1,R2 = H,H
]´_-¨BK:<µFig. 4¶ [
slope = -0.082Xs SD = 0.57®£(
+Ro A1?35=02L
'!CL
6IT.>2L EXpP*]´_ 
-10
0
10
20
30
40
-10 0 10 20
-Ex /kcal mol-1
-
E
x 
/k
ca
l m
ol
-1
Fig. 2. Plots of -Ex of phenoxide ions against those
 of ,-dicyanobenzyl anions.
slopemeta=1.357, R=0.999
slopeall=1.288, R=0.985
O
X
NC CN
X
p-NO2
p-COMe
p-CN
m-NO2
p-CF3
m-CF3
m-Cl
p-Cl
p-t-Bu
m-MeO
m-F
H
m-Me
p-Me
p-MeO
p-Me2N
p-CHO
m-COMe
p-NH2
p-NO
m-CN
m-CHO
m-Me2N
p-MeO-m-Cl
p,m-Me2
-10
0
10
20
30
40
-10 0 10 20 30 40
-Ex /kcal mol-1
-
E
x 
/k
ca
l m
ol
-1
Fig. 3. Plots of -Ex of phenoxide ions against those
 of benzyl anions.
slopemeta=0.952, R=1.000
slopeall=0.784, R=0.992
O
X
p-NO2
p-COMe
p-CN
m-NO2
p-CF3
m-CF3
m-Cl
p-Cl
p-t-Bu
m-MeO
m-F
H
m-Me
p-Me
p-MeO
p-Me2N
p-CHO
m-COMe
p-NH2
p-NO
m-CN
m-CHO
m-Me2N
p-MeO-m-Cl
p,m-Me2
H H
X
106 
 
Copyright © 2011 Hosei University      ¤{}xH?0/½°´9O<P°´xs Vol.24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
¦—ÈÉ(2’)(Ê­n*

+.t+$¯Ìº `
),+dÔÃ£Õr-Ö! 0*E2C46A
13O+dÔ~k p	!, -76/
CGO7L/B3Oq²	±u
,+ 
 E2C46A13O("GO7LZ/B3O·
 ©»[ÕX = HÖ 	 ¹pÇÏ.R 
Å("GO7LZ/B3O·+q¡ Å
[15]),`Õslope = r-ÖFN>@
ÕFig. 5ÖCipso-CorthoCortho-Cmeta(" Cmeta-Cpara
!,,1F;Z3L@Z3L@ZH<
Z("H<ZDKZ ¹pÇÏ.Âo¹
pÇÏÌb,®º¯ÌÄ),+GO7
LZ/B3O·Ì!Xgxs(

[14-15]Cipso-Cortho Cmeta-Cpara! r
- ^dyh+
 p	! Cipso-Cortho  {	l
Cortho-Cmeta! r
- ^ yhY¥	+,
) ¹pÇÏ zk!dÔªÆ)U,+z
kQ¾+E2C46A13O Cmeta-Cpara(
" Cortho-Cmeta FN>@!GO7LZ/B3O· 
¯ÌºRZ»	+ V!r- ^/B
3O³()/B3OTGO:O« ®
dÔ¯W\¬ p	.Â	+.±u
	+Cipso-Cortho FN>@ %!ÒÁ¯Ìº)
8M	+,!»w ©(+µ[i
¼),+o¹pÇÏ ¯Ìº.lr
Ë+GO:O«e o¹p! r- = -1.0  
 1.39Å1.40Åm+,!j ©	GO
:O ¨¸—¨¸¹p ÇÏ¶	 V!
r- = -1.0 Z»+/B3O®dÔS ©	
 Í /B3O·+.t	+Å
dÔ¯W\¬ 	_ w§¬	
, -76/CGO7L/B3O!	Ð|£
»w CN w c'Ì-)ÎÐÀ ¿Ó«
# Ñvk+.±[14-15]$q¶
 r- ^.±E2C46A13O'q² Ñ
vk+±u,+ 
 ¢E2C46A13O o»[ Ð|]S
w_a5=IMP6JOi {.f
+&Fig. 2Fig. 3T± H, m-F, m-Cl, 
m-COMe, m-CHO, m-CF3, m-CN, (" m-NO2 H
<»[("± p-Me2N, m-Me2N, 
p-MeO-m-Cl, p-NH2, p-MeO, p-t-Bu, p,m- Me2, m-Me, 
m-MeO, p-Me, p-Cl, (" p-OH[ Ð|]S»
 [   	  [EX / slopemeta ](anions)   
-4
-2
0
2
4
-1 0 1 2 3 4 5 6
Fig. 4. Additive effects of +R groups.
slope=-0.082, SD=0.57
p-NO2 p-COMep-CNp-CF3
H
p-CHO p-NO
[Ex /slopemeta](R1,R2=H,H)-[Ex](R1,R2=CN,CN)
[
E
x 
/s
lo
pe
m
et
a]
(a
ni
on
s)
-[
E
x]
(R
1,
R
2=
C
N
,C
N
)
1.40
1.45
-1 0 1
Cipso-Cortho
Fig. 5. Bond lengths vs. resonance degree (r-).
M
e,
H
resonance degree (r-)
bo
nd
 le
ng
th
 / 
Å
C
P
D
C
F
3,
C
F 3
ph
en
ox
id
e 
io
ns
Cmeta-Cpara
Cortho-Cmeta
R
1,
 R
2=
C
F 3
,C
N
C
N
,C
N
H
,C
N
C
F
3,
M
e
C
F 3
,H
H
,C
l
N
H
2,
H
H
,F
H
,H
M
e,
M
e
N
H
2,
O
H
107 
 
Copyright © 2011 Hosei University      un[]hZ?7+*o|3E4F|ZV Vol.24 
[EX ](R1,R2=CN ,CN )  (TmJ
05@CF1AEQr[,-21*;>
E2B*:.Et&[
(
g # &  L (  [EX / slopemeta ](R1,R2= H ,H )   
[EX ](R1,R2=CN ,CN )a=D68 Fig. 6(g
R1,R2 = H,H 	05@CF1AEQr
p-Me2N, m-Me2N, 	" p-MeO-m-Cl Y[
!p-NH2Yp,m-Me2Y'
q\Qr(
p%m-Me Yp-Cl Y=D68RxN
!	$q\Qr )`G
[14-15]<-;/19,.E05@CF1AE
Qr( R1,R2 = H,Ht=D68Fig. 6
O slope = 1.220swMc SD = 0.66z
{#&H_<-;/19,.
E	">E2BI*:.E EX`G%
05@CF1AEQr(Pkfvb
—e(3)"^yS$j
%(iW%!{Og#
&%05@CF1AEdUs 1.220$
<-;/19,.E	%05@CF1AEd
U>E2B*:.Et 1.2 K~d[
}X&%	Fig. 6 =D68	
 m-Me2N J{
#%
&mY(l<-;/19,.E 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-1
0
1
2
3
4
5
6
-1 0 1 2 3 4
Fig. 6. Additive effects of -R groups.
slope=1.220, SD=0.66
[Ex /slopemeta](R1,R2=H,H)-[Ex](R1,R2=CN,CN)
[
E
x 
/s
lo
pe
m
et
a]
(a
ni
on
s)
-[
E
x]
(R
1,
R
2=
C
N
,C
N
)
p-Cl
p-t-Bu
m-MeO
H
m-Me
p-Me
p-MeO
p-Me2N
p-NH2
m-Me2N
p-MeO-m-Cl
p,m-Me2
0
30
60
90
0 0.5 1
Fig. 7. Plots of dihedral angles () against s.
saturation degree (s)
di
he
dr
al
 a
ng
le
 / 
de
gr
ee
p-Me2N
p-MeO
m-MeO
X

R
X=
M
e,
H
C
P
D
C
F 3
,C
F 3
R
1,
 R
2=
C
F
3,
C
N
C
N
,C
N
H
,C
N
C
F
3,
M
e
C
F
3,
H
H
,C
l
N
H
2,
H
H
,F
H
,H
M
e,
M
e
N
H
2,
O
H
ph
en
ox
id
e 
io
ns
m-Me2N
C
l,C
l
F
,F
0
30
60
90
0 0.5 1
Fig. 8. Plots of dihedral angles () against s.
saturation degree (s)
di
he
dr
al
 a
ng
le
 / 
de
gr
ee
p-MeO-m-Cl
p-NH2
X

R
X=
M
e,
H
C
P
D
C
F 3
,C
F 3
R
1,
 R
2=
C
F
3,
C
N
C
N
,C
N
H
,C
N
C
F
3,
M
e
C
F
3,
H
H
,C
l
N
H
2,
H
H
,F
H
,H
M
e,
M
e
N
H
2,
O
H
ph
en
ox
id
e 
io
ns
C
l,C
l
F
,F
108 
 
Copyright © 2011 Hosei University      À©¢QG87ªåÒÙAWDXÒÙ~ Vol.24 
dÎ"¹û#Ë³2.$ ä
032 
 ćl±Ć5±2Æã§#ăã§
 NWBWÆ$"íċČ%ã§Z$ćl±
Ć NWBWÞ$l$y5Ó 
ä
032"4=0˚$ ã§%NWB
WÆ °#l=90˚$ ã§ NWBW
Æ $Ă#l%ÃL;K=?I9<W/&
NW@Tc7J<WÞ[15]#°ýs3
Ćf[¡ã§$5>ERUX?SW#ă2
îµ03i(slope = s) ¼ø>ERUX
?SWq¶ Æã§$ăü#¸ðM
VFH5 Fig. 7 Fig. 8 #Óp-Me2N 
p-MeO-m-Cl p-MeO /&p-NH2%
s h$o#bÆã§%¦3i|
ì03L;K=?I9<W% = à 90˚ Æã§
 NWBWÆ $l%+03"m-Me2N 
%( 6!$7J<WÞ% 30 40˚5Ó
l%\×#Ą32m-MeO%
%#à 0˚1NWBWÆ k#l
230k$Æã§ċp-Me2N, m-Me2N, 
p-MeO-m-Cl, p-MeO, p-NH2, /& m-MeOČ%N
W B W ċ C6H6 Č # ã §      = 0.0˚
ċB3LYP/6-311+G(2d,p)UNTČ1k#l
2Æã§$¦3#/ã§
0NWBWÆ'ĆÖr2 5Ą2
^s h#v®32>ERUX?SWq¶$ë
$Y#"2 ä
032Ø$NW@
Tc7J<WÞ[14-15]/&`¸ðL;K=
?I9<W#lĊq¶ċr-Č/&>ERU
X?SWq¶ċsČ$y%_#ÄÚ$s5Ó
*L;JT7PK7J<WÞ$ã§q¶
.NW@Tc7J<WÞ {Ü#w1¤432 
Ñ032[17]30$^%NW@Tc
7J<WÞL;JT7PK7J<WÞ/&L
;K=?I9<W5},k$7J<WÞ#ă
½Ð¡#u)ã§q¶Á—þĀ(2’)
#>ERUX?SWq¶5òg2Ĉ5o
¥
Á—þĀ(3)#/ëtn#ñù32
 5Ó2 
 
  

 ²ÒÙ%Æã§L;K=?I9<W$Ð½
Ð¡5 DFTïÝ#/¾-ã§q¶5¿
03ã§q¶5 2Ø$NW
@Tc7J<WÞ$ã§q¶ ¼øL;K=
?I9<W$¡5¨ÿ2Æã§$Ćq¶
#¸ð$â¶L;K=?I9<W
$½Ð¡%NW@Tc7J<WÞ {º#ô
÷q¶lĊq¶/&>ERUX?SWq¶$
čØĉ$Ćq¶ă[2 ­0#"
āÎ"îµ$â¶3*¸ð
NW@Tc7J<WÞ[14-15]/&L;JT7PK
7J<WÞ[16-17]"L;K=?I9<W$
½Ð¡$Ðă.³$Á—þĀ#>ERU
X?SWq¶5éĈ5úo¥Á—þĀ
(3)#/āÎ"îµ5"	 m³2
 ­0#" 
 m-Me2N #ă%L;K=?I9<W NW
@Tc7J<WÞ 4#>ERUX?SWq
¶Í"2$Â%/1óá#¸ð2ë
2 
 `0#¸ð27J<WØ5¥¥
Á—þĀ(3)#Yç#ýÈm³2ã§«5
¿2]2 
 

 

 ïÝ»/&CLH:;7$eÈ#ă
$>OXH5*À©¢QG
87ªåÒÙAWDX$ÏÔxjÇ´ öjÇ
æËßjÇ#£õÌZ* 
 
	

[1]\ÊÕ, èÅ·, ê²zp, þĀąÉ ¬²
saÛ 91¯aċ2011Č. 
[2]J. Shorter, In Correlation Analysis in Chemistry, 
Chapman NB, Shorter J (eds), Plenum Press: New 
York, 119 (1978). 
[3]L. P. Hamett, “Physical Organic Chemistry” 2nd ed., 
Chapter 11, McGrawHill (1970). 
[4](a) Y. Tsuno and M. Fujio, Chem. Soc. Rev., 25, 
129-139 (1996). (b) Y. Tsuno and M. Fujio, Adv. Phys. 
Org. Chem., 32, 267-385 (1999). 
[5](a) Y. Yukawa and Y. Tsuno, Bull. Chem. Soc. Jpn., 
32, 971 (1959). (b) Y. Yukawa, Y. Tsuno, and M. 
Sawada, Bull. Chem. Soc. Jpn., 39, 2274 (1966).  
[6]H. C. Brown and Y. Okamoto, J. Am. Chem. Soc., 79, 
1913 (1957). 
[7](a) K. Nakata, M. Fujio, Y. Saeki, M. Mishima, Y. 
Tsuno, and K. Nishimoto, J. Phys. Org. Chem., 9, 
109 
 
Copyright © 2011 Hosei University      F8'*5&9\RURU&# Vol.24 
561-572 (1996). (b) K. Nakata, M. Fujio, Y. Saeki, M. 
Mishima, Y. Tsuno, and K. Nishimoto, J. Phys. Org. 
Chem., 9, 573-582 (1996). (c) K. Nakata, M. Fujio, M. 
Mishima, Y. Tsuno, K. Nishimoto, J. Phys. Org. 
Chem., 11, 857-870 (1998). (d) O$S, .2, 
(O, `-MA, .DV, ijkN, a?
! F8'*cXT*RURU&#
11 37-41 (1998). 
[8]K. Nakata, M. Fujio, K. Nishimoto, Y. Tsuno, J. Phys. 
Org. Chem., 16, 323-335 (2003). 
[9](a) M. Yoshioka, K. Hamamoto, T. Kubota, Bull. 
Chem. Soc. Jpn., 35, 1723-1728 (1962). (b) Y. Tsuno, 
M. Fujio, Y. Takai, Y. Yukawa, Bull. Chem. Soc. Jpn., 
45, 1519-1529 (1972). (c) M. Fujio, M. Mishima, Y. 
Tsuno, Y. Yukawa, Y. Takai, Bull. Chem. Soc. Jpn., 
48, 2127-2133 (1975). (d) Y. Tsuno, M. Fujio, Y. 
Yukawa, Bull. Chem. Soc. Jpn., 48, 3324-3329 (1975). 
(e) M. Fujio, Y. Tsuno, Y. Yukawa, and Y. Takai, Bull. 
Chem. Soc. Jpn., 48, 3330-3336 (1975). 
[10]ijkN Lf>C*m 3ZnWpV H
/GSZ *" 63-98 (1974). 
[11](a) ijkN_l;e,
[7%@

Bd:hQT*RUg^RU(B) <$ 540
1RU6@&#=. (b) ijkNEP%I	
 34[7%@	+J)@
R
U:hQT*RUg^RU(A) <$ 5701
RU6@&#=. 
[12](a) M. Fujio, R. T. McIver Jr., and R. W. Taft, J. Am. 
Chem. Soc., 103, 4017-4029 (1981). (b) O$So`
-MAoa?!oijkNF8'*]KT*
Yb,Vol. 1 pp. 3-28 (2004). 
[13](a) W. J. Hehre, L. Radom, P. v. R. Schleyer, J. 
Pople, “AB INITIO MOLECULAR ORBITAL 
THEORY”, Wiley-Interscience (1986). (b) “The 
Challenge of d and f Electrons”, Ed. D. R. Salahub 
and M. C. Zerner, ACS, Washington, D. C. (1989). (c) 
R. G. Parr and W. Yang, “Density-functional theory of 
atoms and molecules”, Oxford Univ. Press, Oxford 
(1989). 
[14]O$S, `-MA, a?!, ijkN F8
'*5&9\RURU&#22 
77-89m2009n. 
[15]K. Nakata, M. Fujio, K. Nishimoto, Y. Tsuno, J. 
Phys. Org. Chem., 23, 1057-1065 (2010). 
[16]O$S, `-MA, a?!, ijkN F8
'*5&9\RURU&# 
23 147-156m2010n. 
[17]K. Nakata, M. Fujio, K. Nishimoto, Y. Tsuno, to be 
published. 
[18]Gaussian 03, Revision E.01, M. J. Frisch, G. W. 
Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. 
R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. 
N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. 
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. 
Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. 
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, 
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, 
M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. 
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. 
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, 
R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, 
K. Morokuma, G. A. Voth, P. Salvador, J. J. 
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. 
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. 
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, 
Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. 
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. 
Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. 
Al-Laham, C. Y. Peng, A. Nanayakkara, M. 
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. 
W. Wong, C. Gonzalez, and J. A. Pople, Gaussian, 
Inc., Wallingford CT (2004). 
[19](a) P. Hohenberg and W. Kohn, Phys. Rev., 136, 
B864 (1964).  (b) W. Kohn and L. J. Sham, Phys. 
Rev., 140, A1133 (1965). 
[20]H. B. Schlegel, J. Comp. Chem., 3, 214-218 (1982). 
[21]A. D. Becke. J. Chem. Phys. , 98, 5648-5652 (1993). 
[22](a) J. A. Pople, R. Krishnan, H. B. Schlegel, D. 
DeFrees, J. S. Binkley, M. J. Frisch, R. F. Whiteside, 
R. F. Hout, W. J. Hehre, Int. J. Quantum Chem., 
Symp., 15, 269-278 (1981).  (b) J. A. Pople, A. P. 
Scott, M. W. Wong, L. Radom, Israel J. Chem., 33, 
345-350 (1993).  (c) J. C. W. Bauschlicher, H. 
Partridge, J. Chem. Phys., 103, 1788-1791 (1995). 
[23]C. Moller and M. S. Plesset, Phys. Rev., 46, 618-622 
(1934) 
[24]M. Mishima, R. R. McIver, Jr., R. W. Taft,  J. Am. 
Chem. Soc., 106, 2717-2718 (1984). 
 
 
 
 
